Branched polyethylenimine (BPEI) is a cationic polymer that have been used to deliver genes and often served as a -golden standard‖ of non-viral vectors. The transfection efficiency/cytotoxicity profile of BPEI depends on its molecular weight (MW). However, due to the strong positive charge of this polyelectrolyte, it is difficult to determine accurately the MW of BPEI, even if applying sophisticated instruments and complicated protocols. Here, we show a colorimetric assay for the measurement of BPEI MW, based on the aggregation of unmodified gold nanoparticles (Au NPs). We found that the different MW of BPEI (1.25 μg/ml) leads to the different aggregation degrees of Au NPs and the color changes of the solutions. Thus, the MW can be distinguished straightforwardly by visual inspection and determined by spectrophotometry. This novel approach is simple (mixing solutions at room temperature), rapid (within 15 min) and sensitive (only depending on the MW).
Introduction
Polyethylenimine (PEI) is a polyamine which can be broadly classified into linear and branched form [1] . Branched PEI (BPEI) is produced by cationic polymerization of aziridine monomers, containing primary, secondary, and tertiary amino groups in a 1 : 2 : 1 ratio [2] . BPEI has a wide range of industrial applications, as flocculating agent for wastewater treatment, ink upgrading agent to improve its dispersion and adhesion, electroplating bath additive to improve product gloss and smoothness, and so forth [3] . Above all, BPEI plays a more important role in biology and medicine. Among the first cationic polymers to be used as synthetic non-viral vectors was BPEI [4] . Until now, BPEI is still considered as one of the most efficient candidates to deliver genes and often served as a -golden standard‖ [5] . Its ability to transfect is generally derived from the high density of positive charges attributed to the amine groups, which interact electrostatically with the negative charged phosphate backbone of nucleic acid to condense both molecules into sub-micrometer particles that can bind to the cell surface and be taken up via endocytosis [6] . The high density of amine groups in BPEI further provides a ‗proton-sponge' effect in which absorption of protons (H + ) by the amine groups inside the endosome leads to osmotic swelling and eventually disrupts the endosome membrane to release the endocytosed cargo into the cytoplasm [7] .
It is important to apply the right MW BPEI for achieving a suitable transfection efficiency to the desired cell type [1, 6] . High MW BPEI has stronger binding affinity, which can condense nucleic acids more efficiently, but they have a less effective release, leading to reduced transfection efficiency. Low MW BPEI have fewer amine groups per molecule, which bind and condense translating into lower overall transfection efficiencies. Besides, High MW BPEI is also more toxic, reducing the viability of cells for transgene expression. In general, the cytotoxicity increases with increasing MW of the cationic polymer [8, 9] . There is always a tradeoff between tight PEI/DNA complex formation outside cells and easy dissociation of nucleic acid inside cells, high transfection efficiency and low cytotoxicity, which depends largely on the MW of BPEI.
However, BPEI is a highly positively charged polyelectrolyte, which inevitably has many problems in the MW determination, even if applying sophisticated instruments and complicated protocols [10, 11] . Because BPEI experience potentially strong electrostatic interactions, especially if salts are not added to the solution to screen these interactions. However, the additional salts can also make it more complex and difficult to the MW measurement [12] . For example, when the salt concentration is too high, hydrophobic interactions may occur [9, 11] . Indeed, the actual MW of a given BPEI product appears to be reported differently depending upon the particular company supplying the chemical [2] . Therefore, a simple and reliable method for the MW determination of BPEI is of critical importance.
Gold nanoparticles (Au NPs)-based colorimetric biosensing assays have attracted considerable attentions in detection applications, due to their simplicity and versatility [13, 14] . The Au NPs detection typically depend on a quantitative coupling between analyte and the aggregation of Au NPs, which leads to a dramatic color change of the Au NPs solution. This colorimetric assay can be easily observed by the visual inspection, which avoids the relative complexity inherent in conventional detection methodologies [15] . Commonly, the relevant Au NPs are covalently modified with either a probe DNA or an aptamer such that hybridization or aptamer-target interactions. For example, Mirkin and collaborators first applied Au NPs-DNA conjugates for the sensitive detection of DNA and RNA [14, 16, 17] . Recently, Heeger and Plaxco have demonstrated a unique colorimetric assay for the detection of nucleic acids, small-molecules, proteins, and inorganic ions that relies on unmodified Au NPs [18] . Picomolar concentrations of target DNA are readily detected by this method with the naked eyes, even in complex sample matrices like blood serum. Despite the successes of Au NPs detection, there are few reports of applying Au NPs to determine the MW of a polymer by spectrophotometry. If only Au NPs-based colorimeteric assay could transform the MW of BPEI into the color signals, we would take the advantage of Au NPs to develop a simple and sensitive MW determination method.
In this paper, we used unmodified Au NPs as an accurate nanoscale weighing tool to measure the MW of BPEI straightforwardly in solution. The Au NPs (citrate reduction) carry a slight negative charge, so they repel one another to keep stable (red). The addition of BPEI allows the electrostatic attraction to interfere with the repulsion, inducing the aggregation of Au NPs (blue). At a certain mass concentration (1.25 μg/ml), the optical properties of the Au NPs solution are governed by the BPEI molecule number, corresponding to the different MW, through the bridging effect. Therefore, we can only observe the color changes of the Au NPs solution to know the exact MW of BPEI. Fig.1 depicts the mechanism for the colorimetric determination of BPEI MW. The measurement based on the nanoparticles offers simplicity, convenience and sensitivity, which can be accomplished in minutes without sophisticated instruments or training overhead. 
Experimental Preparation of unmodified Au NPs
The synthesis of unmodified Au NPs was as previous reported with citrate reduction (19) . In brief, trisodium citrate of 1% solution was added to a boiling, rapidly stirred solution of HAuCl 4 (Sigma). The solution was kept boiling and stirred for 20 min, and then cooled to room temperature. The prepared Au NPs solution was stored at 4 °C and ready for use.
Colorimetric determination of BPEI MW
To determine the MW of BPEI using unmodified Au NPs, the absorption spectra of Au NPs solutions in the presence of BPEI were recorded by a Lambda 35 UV/Vis spectrophotometer from Perkin Elmer at room temperature under the following conditions: (1) all BPEI samples were dissolved in 0.2 M acetic acid (CH 3 COOH) aqueous solution to the required concentration (pH 2.2); (2) all BPEI solutions are prepared fresh and treated with filters (pore diameter, 0.45 μm); (3) the 10 μl BPEI solutions were dropped into 190 μl prepared Au NPs solution, which were mixed thoroughly for 30 sec and then measured within 15 min (pH 5.1). The MW of BPEI was quantified by the A r (A 520 /A 700 ), using the equation 1: A r = 0.1749In(M w ) − 0.2134. The resulted Au NPs were measured and examined by the average sizes, the zeta potentials and TEM. The average sizes and the zeta potentials of the Au NPs were measured by the DLS on a Zetasizer Nano ZS instrument (Malvern). The TEM images were captured with a JEM-2010FEF and a JEM-1400 transmission electron microscope (JEOL).
Size exclusion chromatography (SEC)
Chromatographic analyses were performed with the Waters 515 liquid chromatography system that configured with an Optilab rEX refractive index (RI) detector (Wyatt Technology, Fig. 2 ). Separations were performed by three size exclusion columns (SB804HQ, SB803HQ and SB802.5HQ, Shodex) in series. 100 μl PEI samples were run at 5 mg/ml concentration in 0.2 M acetic acid aqueous solution. The running buffer contained 0.2 M acetic acid and 0.1 M sodium acetate at pH 5.0. The flow rate of 0.5 ml/min was used and samples were detected by RI (internal temperature 40°C). The columns and the buffers were used at the same temperature. 
Multi-angle laser light scattering (MALLS)
The MALLS experiments were performed by using an 18-angle DAWN HELEOS laser light scattering detector (Wyatt Technology) connected in tandem to the Optilab rEX RI detector (Wyatt Technology), operating with a 50 mW solid state laser at 658 nm. System normalization and calibration was performed with Dextran (Pharmacosmos) using a 100 μl sample at 5 mg/ml in SEC running buffer. The light scattering measurements were used to perform analytical scale chromatographic separations for the absolute MW determination of the principle peaks in the SEC/RI analysis.
Data analysis
OriginPro 8.0 software (OriginLab, USA) was employed to perform data processing. Each sample measurement was repeated in triplicate, and the data were presented as the mean ± standard deviation.
Results

Colorimetric determination of BPEI MW
We first prepared the unmodified Au NPs by the citrate reduction of HAuCl 4 (Methods) [19] . The as-prepared Au NPs were characterized with ultraviolet-visible (UV-Vis) spectrophotometry, transmission electron microscopy (TEM) and dynamic light scattering (DLS, Fig. 3 ). The results show the size of the Au NPs is about 23.6 nm in diameter (D). The molar concentration of the Au NPs is estimated to be 8.25×10
-10 M, by using Beer's Law at 520 nm absorption value (0.99) [19] . a, the weight-average molecular weight (M w ) was determined by multi-angle laser light scattering (Method). b, the weight-average molecular weight (M w ) was reported by suppliers. c, Aldrich is a trademark of Sigma-Aldrich Co. LLC. d, Alfa Aesar is a brand of Johnson Matthey company.
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The absorption spectra of the Au NPs solution in the presence of BPEI A~E (1.25 μg/ml) were recorded under the optimized conditions (Methods), as shown in Fig. 4a . With the decrease of BPEI MW, the color of the solutions changed from wine red to blue. This color change supports the ready distinction of the BPEI MW by visual inspection. Furthermore, the absorption peak at 520 nm, characteristic of the still monodisperse Au NPs in the resulting solutions [18, 20] , was observed the decrease. By contrast, other absorption peaks around 700 nm, representing the formed Au NPs aggregates in the solutions [18, 20] , were observed the increase. Therefore, the optical properties of the Au NPs solutions can be formulated by the absorbance ratios (A r ) at 520 and 700 nm (A 520 /A 700 ), which indicate the different aggregation degrees of Au NPs. In this study,
The colorimetric assay was used to determine the MW of BPEI 1~3. The absorption spectra of the Au NPs solution in the presence of BPEI 1~3 (1.25 μg/ml) were recorded under the same conditions (Methods, Fig. 5 ). The MW of we found that the A r (A 520 /A 700 ) exhibited a good linear correlation to the logarithm (log) of weight-average MW (M w ) of BPEI in the range of 5.23×10 2 to 2.75×10 5 Da (Fig. 4b) 
Size-exclusion Chromatography (SEC) measurement
SEC is probably the most versatile and widely applied method for estimating the MW of polymers [22] . The MW of polymers can be obtained by using a calibration curve that relates the log of the MW to the retention time or volume [9] . Nowadays, some detectors are employed in tandem with on-line sample fractionation by SEC, especially refractive index (RI) detector and MALLS detector [22] [23] [24] . The SEC/RI is a most common but inaccurate method of MW determination [22, 23] . The SEC/MALLS is a powerful but expensive technique that accurately determines MW of biomolecules in a nondestructive manner [22, 24] . Moreover, we note different columns must be used in series for the seperation of samples.
In this research, we have employed the two above methods to measure the MW of BPEI 1~3 and compared them with the colorimetric method respectively. Da. In fact, the measurements of the colorimetric assay are only dependent on the MW, but the results from SEC/RI method are not only dependent on the MW, but also affected by some factors, such as: the branching degree, the polymer persistence length and the extent of coil solvation [22, 23] .
Exploring the mechanism of colorimetric determination
We investigated the mechanism of the colorimetric assay for BPEI MW. According to the previous articles, the three dimensional structure of BPEI is considered to be a spherically symmetric compact structure in solutions [25, 26] . Thus, the molecular size of BPEI increased with the increase of BPEI MW. Dietrich and Neubrand have reported the molecular sizes (D) of BPEI are 1.35, 2.2, 5.3 and 13.8 nm, which correspond to the MW of 6.00×10 2 ,
1.80×10 3 , 1.00×10 4 and 7.00×10 4 Da, respectively [26] .
However, during the aggregation, the spherical structure of BPEI molecule would lie in a relatively flattened configuration on the negatively charged nanoparticle surface with more than one segment attached but nevertheless having some extension into the solution (Fig. 1) [25, 26] .
At a certain mass concentration, the MW of BPEI can only determine the molecule numbers and the molecular sizes of BPEI molecules in solution, which can both influence the optical properties of the resulting Au NPs solutions [27, 28] . (2) . At a certain mass concentration, the higher MW would lead to the bigger and the less BPEI molecules dissolved in solutions, and vice versa. For the low amounts of polymer adding, the nanoparticle surface is only partially covered by BPEI molecules, which allows the formation of polymer bridges if a BPEI molecule already adsorbed onto one nanoparticle adsorbs onto a free surface site of a neighboring nanoparticle [25, 26] . In this way, the more BPEI molecules in the solutions, the more polymer bridges connected the nanoparticles, the higher aggregation degree of Au NPs resulted.
We applied TEM to examine the Au NPs aggregates in the resulting solutions. These images demonstrate the forming of the Au NPs aggregates is reaction-limited colloid aggregation (Fig. 6a) [29] . The aggregates show a considerably high density with many regions of overlapping nanoparticle, because the amount of BPEI is still insufficient to cover the whole nanoparticle surface (neutralize a part of the negative charge on Au NPs surfaces) [30] . The aggregates are obliged to overcome the electrostatic repulsive force to encounter each other by thermal activation [30] . The BPEI molecules connect the nearby nanoparticles together, taking the bridging effect (Fig. 6b) .
The zeta-potentials and the average sizes of the Au NPs in the presence of BPEI A to BPEI E were -15.3 to -22.0 mV (Fig. 6c) , 136.2 to 60.4 nm (Fig. 6d) , respectively. The absolute value of the zeta-potentials increased with the increase of BPEI MW. Meanwhile, the average sizes decreased. The difference in the zeta-potentials establishes the relatively flattened configuration of BPEI during the aggregation. This configuration makes a fixed mass of BPEI covers about the same area on the surface and neutralizes almost the same amount of the negative charge. The small difference may be contributed to the different deformation degrees of BPEI molecules absorbed on the nanoparticle surface. In addition, the difference in the average sizes shows the different Au NPs aggregation degrees, which are induced by the different number of BPEI molecules through the bridging effect. According to 131 136 the articles, the optical properties of Au NPs solutions are governed by nanoparticle aggregate size, regardless the interparticle distance [27, 28] . Therefore, in this situation, the optical properties of the Au NPs solutions are determined by the BPEI molecule number, regardless of the molecular size. In order to verify the mechanism from the opposite side, we added a certain molecule number of BPEI (4.55×10 -14 mol) into Au NPs solution under the same conditions (Methods), as shown in Fig. 7 . In this situation, the molecular sizes of BPEI determine the optical properties of the Au NPs solutions. The larger BPEI molecules neutralize the more negative charge on the Au NPs surfaces, inducing the bigger nanoparticle aggregates. Taken together, the mechanism of the correlation between the A r (A 520 /A 700 ) and the M w of BPEI is considered to be that the BPEI molecule number governed the optical properties of the Au NPs solutions, corresponding to the different MW, at the certain mass concentration. In this research, we did employ the unmodified Au NPs to measure the MW of BPEI straightforwardly in solution. 
Discussion
The transfection efficiency and the cytotoxicity of BPEI complexed with plasmid DNA is strongly dependent on its MW [1] . In some cases, the MW of BPEI is desirable under one condition for transfecting a particular cell line may not necessarily be optimal for another cell line. Thus, the suitable MW of BPEI is key to success in the transfection application. However, in the Table 1 , the MW of BPEI determined by the MALLS method vary from those reported by suppliers, because of differences in the analytical methods and/or standards used [2] . In this way, researchers might be confused about the diverse or even paradoxical results of the published articles, which tested and verified BPEI with several MW to be nonviral gene carriers [31] .
Because BPEI is a highly branched polyelectrolyte with a strong positive charge, the MW determination of BPEI is difficult to the conventional methods. For example, SEC is the common analytical technique for the MW determination of polymers in laboratory. However, aqueous SEC is problematic for the measurment of BPEI MW due to their interactivity, because almost all common column packings bear a negative surface charge. The interaction between BPEI molecules and the packing material, which disturbs separation efficiency and reproducibility. [9] Salts are often added in the mobile phase to suppress these interactions. But, the addition of salt makes the MW measurement more complex [12] . Besides, it is always needed sophisticated and expensive instruments (like MALLS) to precisely measure the MW of polymers.
Our colorimetric assay circumvents the above problems completely, through measuring the electrostatic interaction between the BPEI molecules and the nanoparticles (Au NPs aggregation). The interaction is generally considered to be an obstacle to the conventional methods, but becomes the foundation of our method. This approach is convenient, requiring only the mixing of several solutions at room temperature to achieve rapid, direct distinction of the BPEI MW via visual inspection or quantitative determination using a common UV-Vis spectrophotometer. The MW determination of BPEI using this approach is sensitive. The above results showed the colorimetric assay can be as good as the MALLS method. 
Conclusion
Overall, this colorimetric approach offers some advantages (simplicity, convenience and sensitivity) over many existing determination methods, which has important implications for the development of the MW determination methods based on such nanoparticle materials. In the future, this colorimetric assay can be expanded to the MW determination of any macromolecules, if the studies were to be conducted to understand how the macromolecule of different structural and charge properties can interact with unmodified or modified Au NPs (e.g., by DNA, antibody and aptamer) and therefore modulate the optical properties of Au NPs solutions. This strategy would provide a great advantage of determining the MW of macromolecules to the researches of polymer science, material science and biology under the limited resource conditions.
